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PREFACE

This 1s one of two reports on investigations performed for the
Defenge Nuclear Agency (DNA) under Contract DNAOO1-82-C-0103 during the
period 11 January 1982 tc 31 March 1984. Technical monitors for this
work were Major M. E. Furbee (now at BMO) and Dr. K. Goering.

Most of the experiments reported here were performed by the

Waterways Experiment Station (WES) under the supervision of Mr. R. Welch

and Mr. J. Balsara. Mr. J. Gran and Mr. C. Romander from SkI supervised

the sdge placement and participated in the evaluation of the data in the
STP 3.5A experiment.

The two-dimensional calculations reported here were performed by
Mr. T. Cooper of SRI. Dr. L. Seaman provided support for the one-
dimensional PUFF calculations, and Mr. J. Kempf and Ms. B. Lew performed
the one-dimensional and the TIGER calculations.

Mr. R. Port from RDA was the chairman of the Simulation Working
Group for the Silo Test Program (STP). He provided constructive
leadershin as well as technical and moral support throughout the work

presented here. We dedicate this report to his memory.
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SECTION 1

INTRODUCTION AND SUMMARY

In support of the Defense Nuclear Agencv (DNA) Silo Test Progranm
(STP), we designed and evaluated the performance of a variable high
explosive simulatfon technique (HEST) to simulate the airblast environ-
ment resulting from a 1.95~kt (1/8-scale of 1 MT) nuclea surface burst
over a preesure range of 500 Mra (5 kbar) to 7 MPa (1000 psi). PFigure
1(a) shows the weapon effects and FPigure 1(b) shows the schematics of a
HEST used to simulate the surfacc ai-hlagst. The HEST consists of an
explosive charge inside a cavi’': that is tamped with a soil overburden.
The explosive charge usually consists of high explosive cords placed
inside the groove: of rigid foam plates. The impulse applied to the
test bed is contrdylled mainly by the areal density of the explosives,
and the pulse width is determined mainly by the initial height of the
explosive cavity. The overburden height influeaces both the impulse and
tha pulse width,

In a nuclear bhlast, the peak pressure attenuates and the pregsure
pulse widers with increasing renge from ground zero. To simulate the
airblast environment at all ranges, we designed a variahle REST in which
the exploesive loading density, cavity height, and overburden height
varied with range. The design criterion is to match at all ranges the
positive phase of the impulse history of the reference Brode-Speicher
nuclear environment. This implies that the pressure history is also
matched at all ranges. The peak pressure, however, may not match

exactly because of the familiar pressure spikes produced by the HEST.

The firct step in our design procedure was to perform a parametric
series of calculations to determine the effects on the HEST impulse of
adjustable parameters such as the explosive areal density, charge
density, and cavity and overburden heights (Section 2). The one-
dimensional PUFF finite-difference hydrocode was used to model the HEST




1-MT Airblast

Nuclear
Surface 6 GPa 1 3Pa 100 MPa 35 MPa
Burst (47-? m) (85-J6 m) (}85 m) (266 m)

Airblast-Induced
Ground Shock

Direct-induced
Ground Shock

(a) Weapon Effects

RS e e
P . “ T VR
. . H e .
’ A v Cer S . . .
'..' _"_ N PRI . E RN . . . "l R
a? S PO et . . L . or ' " .
e ' e . . . P .
PR P Lo aaSoily e vy e .
ce L4 Ot A [ LI Pl e ' 0
[ PR R ) LIPS
v - L AL Bl oo .
N 2 k.
S5

b B et st

f; . }'.};f, ,nghExplosweg '
% LTTERRRRRY N UNNNN \\\\\ AN NN

{b) Conventional HEST
JA-40154

Figure 1. Weapon effects and a conventional HEST for simulating
the airblast-induced ground shock.
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3

cavity expansion and mction of the berm and the loaded medium. The SRI
TIGER code war used to calculate equilibrium states of the explosive and
foam products during expansion to establish an expansion isotrope for
2ach explosive/foam ratio used in the HEST cavity. We also performed a
series of two~-dimensional calculations to determine the extent to which
the boundaries of a finite-size HEST affect the pressure and impulse
histories.

From the preliminary calculations discussed above, we determined
the HEST configuration that produced the impulse history of the refer-
ence environment at several discrete ranges and then developed a design
curve that allowed us to interpolate the HEST design at other ranges of
interest. Our final design (Section 3) consiats of a variable HEST in
which Iremite-60 explosive i3 used predominzntly in the pressure range
from 500 to 100 MPa, and 0.085 kg/m (400 grain/ft) primacord explosive
is used in the pressure range from 100 to 7 MPa. The overburden height
increases linearly with range from 0.64 to 1.15 w. The cavity height
increases linearly with range from 38 mm at the 500-MPa location to
70 mm at the 35-MPa location. Beyond this poin., the cavity height

remains constaut at 70 mm.

To check the HEST designs, Waterways Experiment Station (WES)
performed calibration experiments that represenced the HEST designs at
the 1000-, 100~-, and 35-MPa peak pressures (Section 4). Iremite-60
explosive was used in the 1000-MPa experiment and primacord explosive
was used in the cther experiments. By comparing the calculations and
the experimental data, we deduced a relationship between the explosion
pressure and the charge density. This relationship was then used to
adjust the amount of the explosives in the final design of the STP 3.5A

experiment.

The variable HEST simulator was used in the STP 3.5A experiment
(Section 5). On the tasis of photopole, airblast, and near surface soil
stress gage data, the impulse from the HEST agreed, to within measure-
ment error, with the design goals for both short (10 ms) and long
(90 ms) time frames. Hence, the full positive phase of a 1.95-kt

surface burst was successfully simulated by the HEST.

11




SECTION 2

PARAMETRIC INVESTIGATION OF HEST

A parametric series of one~dimensional and two-dimensional hydrocode
caiculations was performed to determine the effect of various parameters
on the performance of a HEST. To put the calculations in prospective,
we show in Figure 2 the setup in a typical foam HEST experiment. High
explosive cords are placed in a foam cavity and tamped with a soil
overburden. As shown in Figure 2(b), the foam holds the explosive
strands in place and provides the desired initial cavity height. We
expect the areal deneity of the explosives to determine the impulse
applied to the test bed, and the initial cavity height to determine the
pulse width. The overburden height should influence both the impulse
and pulse width.

The parameters discussed here are the expansion characteristics of
the explosive products (Section 2.1), charge initiation schemes (Section
2.2), adjustable HEST parameters such as the explosion pressure and
charge areal density (Section 2.3), charge placement in the cavity
(Section 2.4), tailoring of the overburden for pulse shaping (Section
2.5), comparison of loads on a sand test bed with those on a buriad
structure (Section 2.6), and relief waves generated at the edges of the
HEST cavity (Section 2.7). We used the SRI version of the PUFF computer

1

code® for the one-dimensional calculations and the TDL computer code?

for the two-dimensional calculations.

2.1 EQUATION OF STATE OF EXPLOSIVE PRODUCTS

We used the TIGER computer code3 to characterize the expansion of
the explosive products. Figure 3 shows the relationship between the
pressure and specific volume for equilibrium expansion of a 0.085 kg/m
(400 gr/ft) primacord and 16 kg/m3 (1 lb/ft3) foam from explosion
pressures of 91, 35, and 9.5 MPa. The plastic and binding materials

12
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ased in the construction of the primacord are included in these
calculations. The straight lines in the log-log plot of Figure 3
indicate that, for pressures below 100 MPa, the expansion states of the
explosive products can be described by the equation of states of an

ideal gas with a constant specific heat ratio of y = 1.18.

To determine the adequacy of the constant-y law in HEST calculatioms,
we calculated the impulse from a primacord/foam charge for expansions
from initial explosion pressures of 58 and 270 MPa using the ideal and
TIGER equations of state. For the 58-MPa case [Figure 4(a)], the
calculated impulses are essentially identical, whereas for the 270 MPa
case [Figure 4(b)], the constant-y equation of state overestimates the
impulse at 10 ms by abnut 18%. This corresponds to about a 30X error in
the explosive weight and indicates that a mora complete equation of
state must be used in the design of a HEST with above 100 MPa.

We also compared the TIGER calculations against the JWL4 model
using an amonium nitrate/fuel oil (ANFO) explosive, which is similar to
the Iremite-60 explosive used in the STP experiments. Figure 5 shows
the TIGER and the JWL equations of state, and Figure 6 shows the stress
histories resulting from a 0.92-m-thick bare ANFO charge using the two
models. The waveforms appear to be very similar, but the peak stress is
higher and the pulse width is smaller for the TIGER model. Figure 7
shows the impulse histories on the surface of the test bed and indicates

that both models predict the same total impulse at 10 ms.

Results of the present calculations may be regarded as an indirect
verification of the TIGER code against experiments because the JWL model
18 based on an extensive series of experiments in which the measured
motion of a cylindrical shell surrounding the explosive charge is
matched by hydrocode calculations. Direct comparison with experimental
results are discussed in Section 4.1 where the 1000-MPa Iremite

calibration experiment is discussed.
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2.2 CHARGE INITIATION SCHEME

We compared different schemes of initiation of a HEST charge based
on one-dimensional calculation of the cavity pressure. Figure 8 shows
the cavity pressure and impulse histories resulting from a 0.92-m ANFO
charge initifated simultaneocusly throughout the volume, at the top, or at
the bottom- The oressure waveformg are different from each other,
although the impulse delivered by the explosive is identical. This
indicates that different initiation schenes significantly modify the
HEST pressure history, but do not change the impulse ultimately
delivered by the explosive.

It is expected that the details of the initiation scheme should
become less discernible as the stress wave propagates into the soil.
Figure 9 shows the peak stress versus depth for the three fiitiation
schemes of the ANFO charge. Close to the charge, the peak streases are
quite different from each other, but at about 32 times the charge height
(30 m depth), the peak stresses become equal and remain the same with
further propagation. Figure 10 showe that the waveforms at this point

are also identical.

The present calculations therefore indicate that the details of a
HEST waveform do not propagate to locations that are beyond 30 times the
initial cavity height. The propagation distance required to “"clean up"
the waveform depends strongly on the geology (saturated sand in the
present calculations) and is expected to be much shorter (ten times

cavity height, say) for a drier geology.

2.3 ADJUSTABLE HEST PARAMITERS

The three main parameters that can be adjusted in a HEST design to
match given pressure and impulse histories are the initial explosion
pressure Pexp* the cavity height h, and the overburden height H. The
explosion pressure is related to the initia) charge density Pes defined

as the mass of the explosive per unit cavity volume.* The total

*

The relationship between P, . and 2. is obtainsd separately from TIGFR
calculations or from cylindrgcal caiibrator (C%) experiments. See
Section 4.5 for more detail.
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explosive mass per unit area m is then determined by m = pch and the
spacing, batween explosive strands is determined by s = t/m, where t is
the linear density (mass per unit length) of the explosive strands.

2.3.1 Explosion Pressure

Figure 11 shows the pressure and impulse histories resulting from
different initial explosion pressures of an ideal explosive charge
(constant specific heat ratio of 1.18). An increase of 94X in the
explosion pressure from 17 to 33 MPa has resulted in a 65X increase in
impulse at 5 ms and a 497 incresse in impulse ar 20 ms. These increases
are consistent with the familiar rule that the total impulse from a one-
dimensional HEST is proportional to the square root of the explosion

*
pressure.

2.3.2 Charge Areal Density

Figure 12 shows the pressure and impulse histories from a HEST with
four explosive areal densities ranging from m = 2.29 kg/nz tom= 4,57
kg/mz. The charge density and cxplosion pressure are constant in all
cases (p, ™ 90 kg/m3, Pexp = 200 MPa), so the charge areal density {is
directly proportional to the cavity height. The calculations show that
a 100X increase in charge areal density (from 2.29 to 4.57 kg/mz)
results in a 482 increase in impulse at 5 ms. Also, the width of the
pressure waveform at half the peak pressure (50 MPa) increases by 93%
from 0.14 to 0.27 ms, which is roughly the same as the 1002 increase in
cavity height from 25.4 to 50.8 mm. This increase i3 consistent with
the familiar rule that, for equal explcsion pressures, the width of a

HEST pulse 1s nearly proportional to the height of the cavity.

*
This rule follows from equating the kinetic energy of the overburden
to the initial internal energy of the explosives.
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Figure 12. Pressure and impulse histories for different charge
areal densities m.
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2.3.3 Cavity Height

Figure 13 shows the pressure and impulse histories from a HEST with
initial cavity heights of 25.4 mm (1 in.), 50.8 mm (2 in.), and 101.6 mm
(4 in.). The areal density of the explosives is constant in all
calculations (m = 3.36 kg/mz), but the charge density varies according
to e " m/h. The calculations show that the reduction in cavity height
leads to an increase in peak pressure, but the impulse at 20 ms remains
essentially unchanged. This result indicates that the total impulse is
controlled mainly by the areal density of the explosive weight and is
esgentially independent of the details of the HEST cavity.

2.3.4 Overburden Height

Figure 14 shows the pressure and impulse histories from an ANFO
HEST with overburden heights ranging from H = 0 (bare charge) to
H = 3.0 m« The trend is a substantial increase in impulse with increas-
ing overburden height. For example, compared with the case of bare
charge, the impulse at 8 ms increases 2.8 times when a 3-m (3.3 times
the cavity height) soil berm is placed on top of the explosives.

2.4 CHARGE PLACEMENT

In the calculations presented so far, we have assumed that the
explosive is uniformly distributed throughout the HEST cavity. To
investigate the limitation of this assumption, we performed the three
calculations shown at the top of Figure 15 in which the same amount of
explosive is assumed to be (1) uniformly distributed throughout the
cavity, (2) concentrated in 25% of the cavity near the top, and
(3) concentrated in 25% of the cavity near the bottom. The calculated
pressures for the concentrated charges show repeated oscillations due to
the reflection of the pressure waves from the top and bottom of the
cavity. The impulse, however, is essentially the same for all three

cases, except for about the first 0.2 ms after charge initiation.

We therefore conclude that the overall impulse 1s essentially

independent of the explosive configuration inside the HEST cavity.
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This further supports the conclusion that, for equal overburden height,
the HEST impulse is determined mainly by the explosive areal density and
is not sensitive to such cavity design details as the detonation point

\Section 2.2), cavity height (Section 2.3.3), or charge placement.

2.5 TAILORED OVERBURDEN

The modified Brode-Speicher nuclear environment, which is used as
the simulation objective in the present program,5 is characterized by a
very rapid decay from peak pressure immediately after the shock arrival.
To simulate the rapid pressure decay, we designed a HEST with a tailored
overburden that consists of layers of sand and foam. The immediate
crush of the foam layers would result in a rapid expansion of the cavity

volume and a rapid decay of the cavity pressura.

Figure 16 shows the pressure histories for two thicknesses of a
16 kg/m3 Q1 lb/fta) foam layer placed above a HEST cavity. Compared
with the reference case with no foam (F = 0), the cavity pressure for
the foam/sand overburden decays faster and results in a narrower pulse.
For example, at 60 MPa, the pulse width for a foam/sand overburden is

about one half of the reference case.

Figure 17 shows a generic design for simulating the Brode~Speicher
pressure history at the 100-MPa peak pressure. Both the pressure and
impulse are closely matched by the HEST. Note that use of a tailored
overburden may not be appropriate in a conventional HEST because the
pressure spikes typically seen in conventional HEST produce deviations
from the ideal nuclear waveforms that are much more significant than the
improvements provided by a tailored overburden. Thus, the use of a
tailored overburden should probably be limited to a high-fidelity HEST
in which the spikes are removed by, for example, using a dilute

explosive that fills the cavity uniformly.

2.6 LOADS ON BURIED SILO STRUCTURES

When a buried silo structure is loaded with a HEST (Figure 18), the
cavity expansion above the silo will be slightly smaller than the free-

31




100 | I 1 T l

N Sand Yoot e o |076m |
o5 a0 -t
16 kg/m® (1 ib/ft®) F;:rz :‘:;:’_ 258 (F
Explosives {m = 4.6 kg/m?)
60 | VI N
Soil Test Bed [ -

PRESSURE {(MPa)

T!ME {(ms)
JA-4015-19

Figure 16. Pressure histories for different tailored foam/sand overburdens.
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field expansion because the silo 1is stronger than the soil and therefore
does not move down as much as the surrounding soil does. This leads to
2 higher pressure over the silo and wmay result in an overtest of the

structure.

We performed two separate one~dimensional calculations to determine
the loads on a generic si{lo structure and on a soil test bed. The
calculations correspond to vertical expansion of the flow over the
structure (region between the two dashed lines in Figure 18) and the
vertical expansion of the flow over the soil tesc bed (region outside
the dashed lines). These one-dimensional calculations in which no
lateral flow 1is allowed give an upper bound to the difference of HEST
pressures in the free-field and over silo structures, because in an
actual experiment, a lateral flow occurs in the cavity, which tends to

equilibrate the pressures.

Figure 19 shows the cavity expansion of a 35-MPa HEST placed over a
generic structvre (dashed curves) and over a generic soil test bed (full
curves). At 10 “ss, the bottom surface of the cavity has moved down
170 mm for the soil test bed, but only 10 mm for the structure (a net
difference of 160 mm). The cavity height at this time, however, is
dif ferent by only 90 mm (750 mm over soil compared with 660 mm over
structure) because a smaller cavity height results in a higher pressure,
which in turn, results in a more rapid expansion of the cavity. This
self-correcting mechanism tends to equalize the HEST pressure over a

buried silo structure and the surrounding free-field.

Figure 20 shows the calculated pressure and impulse histories for
the two cases. The impulse at 12 ms is 12% higher over the structure
than over the soll test bed. As mentioned earlier, this is an upper-
bound estimate of the overtest. Experimental data reported in Reference
6 tend to indicate that the impulse over a concrete pad (representing a
generic structure) is, to within the spread of the HEST data, the same
as the free-field impulse.
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surfaces of a HEST placed over a soil test bed and over a generic
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2.7 EDGE EFFECTS

Near the edges of a HEST cavity, the pressure drops faster than the
free-field pressure because of the lateral expansion of the cavity.
This results in a lower total impulse than that obtained from one-

dimensional calculations.

To estimate the edge effects in a typical HEST, we performed a
series of two~dimensional axisymmetric calculations using the SRI TDL
computer code.2 Figure 21 shows the cavity expansion 10 ms after the
detonation for a nominal HEST deasign. The initial charge cavity (shown
as a dashed lines in Figure 21) is 1.5 m in radius and 70 mm high. The
charge is center-initiated with an explosion pressure 18.5 MPa, which
corresponds to the HEST design in STP 3.5A experiment at the 35-MPa
range. We note that the cavity contour at 1O ms (shown as a heavy solid
line in Figure 21) is not straight near the edge. The depression
observed at the radius of 1.4 m indicates a high-pressure zone due to

the reflection and focusing of the wave near the edge.

Figure 22 shows the pressure histories calculated for simultaneous
and center initiation of the charge. For comparison, pressure histories
from a one~dimensional calculation representing an infinite HEST are
shown as dashed curves in Figure 22. For the case of simultaneous
init{ation, Figure 22(a), a relief wave propagates from the edge coward
the center. The arrival of the wave is marifested in Figure 22(a) by a
deviation of the two-dimensional calculation (solid curves) from the
reference one-dimensional calculation (dashed curves). The geometric
focusing of the relief wave enhances the relative drop in preasure as
the center of the charge 1s approached. For example, the relative
pressure drop when the wave arrives at R = 1.4 m is about 18%, whereas

the pressure drops by about 302 for R = 0.8 m.

When the charge 43 initiated at the center [Figure 22(b)]}, the
relief wave from the edge is preceded by the reflection c¢f the outward
running wave from the edge, which shows as a second peak on the pressure
histories. As before, geometric focusing has enhanced the magnitude of

the second peak at R = 0.2 m over that at R = 1.4 m.
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Figure 21. Two-dimensional axisymmetric calculation of HEST expansion.
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Figure 22. Pressure histories from one-dimensional and two-dimensional HEST
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of the explosive charge. (Initial radius of 1.6 m, initial cavity height
of 70 mm, charge areal density of 2.1 kg/mz,, and detonation velocity
of 6200 m/s).
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The impulse histories calculated from the six pressure histories
shown in FPigure 22 are compared in Figure 23 with the one-~dimensional
reference calculation. The impulse from both of the two-dimensional
calculations are nearly identical (5% spread at 10 ms), indicating that
the detonation scheme modifies the pressure histories but does not
change the overall impulse. This result is consistent with our previous
conclusion that the overall impulse is determined mainly by the charge
weight and not by the charge configuration or the detonation scheme.

Compared with an infinite HEST (dashed curve in Figure 23), the
impulse at 10 ms 1s reduced by about 182 due to the lateral expansion at
the edges. This estimate may be regarded as typical of the edge effects
in small HEST experiments. For a larger HEST calibration experiment,
such ag the 6.1-m-radius DISK HEST experiment discussed in Section 4.4,
the calculated impulse at 10 ms is only 9% lower than the reference one-

dimensional calculation.
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Figure 23, Impulse histories from one-dimensional and two-dimensional

HEST calculations. (initial radius of 1.6 m, initial cavity
height of 70 mm, charge areal density of 2.1 kg/mz, and
detonation velocity of 6200 m/s).
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SECTION 3

DESIGN CALCULATIONS FOR STP 3.5A EXPERIMENT

In this section, we present the methodology and the design
calculations for the variable HEST used in the STP 3.5A experiment.

3.1 DESIGN CRITERIA

The ultimate objective of a HEST simulator would be to match
exactly a desired nuclear pressure history throughout the simulation
time. The HEST pressure, however, includes many oscillations and spikes
due to reflections from the cavity walls and interaction of pressure
waves from the explosive strands. Figure 24 shows typical pressure
histories measured in the STP 2.5 experiment and a comparison with one-
dimensional PUFF calculations. The desired peak pressure for this HEST
design was 35 MPa (5 ksi), which is the same ag the initial explosion
pressure assumed in the calculations. The measured peak pressures of
117 MPa in Figure 24(a) and 85 MPa in Figure 24(b) are, respectively,
3.3 and 2.4 times higher than the 35-MPa explosion pressure. The
impulse history, however, matches the calculated impulse very well.

The present comparison shows that the peak pressure measured in a
conventional HEST is not the same as th2 initial explosion preasure that
must be used in one-dimensional calculations to match the measured

impulse history.

The above discrepancy between the measured HEST peaks and the
explosion pressure suggests that the HEST design criterion should not be
based on matching the peak pressure. The criterion we chose is to match
the pressure waveform (excluding its peak) and the impulse history
throughout the desired simulation time. Even though our criterion does
not require a match to the peak pressure, we do not expect a degradation
of the fidelity of the resulting HEST simulator, especially if the HEST

is intended to simulate the airblast-induced ground shock. Calculations
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Figure 24. Comparison of calculated pressure histories (heavy solid

lines) with typical pressure measurement made in the

STP 2.5 experiment,
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discussed in Section 2.2 show that two pressure waveforms with different
peaks but the same impulse become identical after a propagation distance
of about 35 times the cavity height. 1In other words, the peak stress
that occurs in soil at distances far enough from the explosive cavity is
insensitive to the peak pressure initially applied to the soil surface.
Because most of the HEST waveforms in the STP experiments arrive at the
test structure after traveling a distance that is large compared with
the initial cavity height, we conclude that a discrepancy in peak
pressure on the soil surface does not measurably impair the fidelity of

the ground shock simulation.

The criterion discussed above should lead to a reasonable simulation
of the ground shock. However, if a HEST is used to simulate the direct
airblast loads on a responding structure, the pressure spikes must be
considered in determining an equivalent pressure-yield combination and
in assessing the simulation fidelity. This topic is under investigation
in the simulation development community. Several fitting routines, in—

cluding the SRI shock spectrum method,7 are discussed in Reference 8.

We have observed that any of the fitting routines applied to a HEST
pressure record result in a higher equivalent pressure than the explo-
sion pressure used in our one-dimensional calculations. For example,
the average equivalent pressure calculated by WES for the STP 2.5
experiment 1s about 48 MPa, which 1s 37% higher than the explosion
pressure of 35 MPa. This indicates that, if the HEST design is based on
an explosion pressure that is about 35% lower than the simulation
objective, the equivalent pressure of the resulting HEST should then
approach the simulation objective. This rule is used as a gulde in

designing the HEST for the STP experiments.

3.2 STP 3.5A VARIABLE HEST DESIGN

We designed a variable HEST for the STP 3.5A experiment based on

the criterion that the airblast pressure (excluding the peak) and

impulse are matched throughout the desired simulation time. The over-

burden and test bed materials were represented by pressure-density

b 45




i
:
s
:

—w

»

T ST

relationships in our calculations. The relationship for the crushed
limestone overburden was based on the stress—strain data provided by WES
(Figure 25). A generic unsaturated soil with 3% void ratio was used to
represent the HEST test bed at Fort Knox.6

Our design methodology was to determine the HEST configuration at
gseveral discrete ranges based on one-dimensional calculations of the
cavity expansion. The areal density of the explosive, m, and the
overburden height, H, ware determined such that the total impulse from
the HEST matched the total positive impulse of the reference nuclear
environment. We then obtained a "best” match to the desired pressure
and impulse historizs by varying the cavity height while keeping m and

H constant.

Figure 26 shows the results of such calculations for a nominal
35-MPa HEST. Comparison of the impulse histories shows that the
reference impulse, designated as the simulation objective in Figure 26,
is best matched by the 70-mm-high cavity (Pexp = 18.5 MPa). We also
note that a good match with the simulation objective would not be
possivle with an initial explosion pressure of 35 MPa (long-dashed

curves in Figure 26). The calculated impulse for P, . = 35 MPa always

P
lies above the simulation objective throughout the 20-ms-window shown in
Figure 26, and at 2.5 ms it 1s ahout 50% higher than the simulation

objective.

We repeated similar one-dimensional calculations for several other
ranges and then interpolated the HEST variables at other ranges based on
these calculations. Figure 27 shows a schematic of our final design of
the variatle HEST for the STP 3.5A experiment covering the pressure
range of 500 to 7 MPa (5 kbar to 1000 psi). Iremite-60 explosive is
used for the pressure ranges of 500 to 100 MPa, and primacord explosive
is used for the lower pressure ranges. We found that the overburden
height could be chosen to vary linearly with range from 0.64 m at the
500-MPa location to 1.15-m at the 7-MPa location. The cavity height
increases linearly with range from 38 mm at the 500-MPa location to
70 mm at the 35-MPa location. Beyond this location, the cavity height

remains constant at 70 mm.
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Figure 25. Stress-strain data from uniaxial compression
tests performed by WES on Fort Knox crushed
limestone. (The loading curve used in STP 3.5A
HEST design calculations is shown as a heavy
solid line.
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Figure 26. Pressure and impuise histories calculated for different explosion
pressure Pexp in a nominal 35-MPa HEST.,
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Figures 28 and 29 show typical comparisons between our calculations
and the simulation objective for two segments in which Iremite-60
(Figure 28) and primacord (Figure 29) explosives are used. The differ-
ence between the calculated impulse and the simulation objective is less

than 5% at all times and ranges.

Figure 30 shows that the discrete primacord and Iremite~60 HEST
designs (including those shown in Figures 28 and 29) can be correlated
by plotting the total impulse from the HEST versus the product of charge
areal density and overburden height, mH. The plot shows that the total
impulse is roughly proportional to the square root of mH. The dashed-
point line indicates a theoretical limit for the HEST impulse and
represents the case in which all the explosive energy is transformed
into the kinetic energy of the overburden. The plot in Figure 30 was
used to interpolate the value of mH at all ranges in the IEST design and
resulted in the variable HEST design shown in Figure 27.
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SECTION 4

CALIBRATION EXPERIMENTS

We designed four uniform HEST calibration experiments to validate
our code calculations and obtain a relationship between the charge
density and explosion pressure. The calibration experiments represent a
constant-pressure segment of the STP 3.5A variable HEST design at 1000,
100, and 35 MPa peak pressure ranges (two calibration experiments were
designed at the 35-MPa range). These experiments were performed by WES
at Fort Knox near the site of the STP 3.5A main event.

4.1 1000-MPA EXPERIMENT

The 1000-MPa HEST calibration experiment consisted of a 7.9-m
(26-ft) square charge placed directly over the in situ soil at Fort
Knox. The explosive used was 28,6~mm~diameter (1.125 inch) Iremite-60
placed on 41.3-mm (1.625 inch) centers. (Details of the charge design

wre given in Reference 5.)

Figure 31 shows a compariscn between the pretest HEST calculations
and the simulation objective. In this calculation, the SRI TIGER code
was used to generate a tabular equation of state for the Iremite/foam

explosive charge.

Figure 32 shows a comparison between the calculations and the data
from a flatpack ytterbium gage. Because of an uncertainty in the
density of the overburden used in this experiment, Figure 32 shows the
results of two separate calculations based on probable maximum and
minimum overburden densities of 1840 kg/m3 and 1360 kg/m3. Also shown

. *
is an error bar representing the uncertainty in the measured impulse,

*Hysteresis and strain effects must be accounted for to obtain stress
and impulse data from ytterbium gages. Detalls of data reduction
procedure and the level of uncertainties involved are discussed in
Reference 5.
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Figure 32. HEST calculations and data from the 1000-MPa
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The agreement between the predicted and measured impulse is reasonably
good after about 10 ms. The impulse at earlier times does not agree as

well, possibly due to the measurement errors.

We used the calibration experiment discussed above and several
other uniform Iremite HEST experiments at lower pressures to obtain a
relationgship between the charge density Pe and explosion pressure Pexp‘
For each HEST design, we performed several calculations with different
explosion pressures and found the value that best matched the impulse

measurements.

The explosion pressures obtained in this manner are plotted versus
the as-bullt charge density in Figure 33 and compared with the TIGER
calculations. The agreement is very good for the 1000-MPa HEST, but
differs as much as 50% for the low pressure experiments. This differ-
ence seems to be a manifestation of nonequilibrium effects at low
pressures, which is not accounted for in the equilibrium calculations of
the TIGER code. The solid curve in Figure 33 is a fit to the experi-
mental points and was used in the design of the STP 3.5A experiment.

4.2 100-MPA EXPERIMENT

The 100-MPa HEST calibration experiment consisted nf a 5.0-m
(16.4 ft) square charge placed directly over the in situ soil at Fort
Knox. The explosive used was 0.085 kg/m (400 grains/ft) primacord
placed on 25.4-mm (1 inch) centers. (Details of charge design are given

in Reference 5.)

Figure 34 shows a comparison between the pretest calculations,
simulation objective, and data obtained from a WES airblast gage. The
measured impulse 1is significantly lower (about 40%) than the calculated
impulse or the simulation objective. As shown in Reference 5, this
large difference could not be accounted for by either the edge effects
from the test bed (also discussed in Section 2.7) or by varying the
properties cof the overburden or test bed materials within reasonable
bounds. The most probable cause for the discrepancy between calcula-
tions and measurements was found to be the lack of performance of the

primacord explosives used in this experiment.
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As a check on explosive performance, measured impulse-time histories
for three similar tests are compared in Figure 35. The highest curve is
the simulation objective for which the 100-MPa HEST was designed (left-
hand diagram in the figure). As previously indicated, the measured
impulse is lower than the objective by 40%. The ACID test has a
slightly higher overburden and only 70% of the explosive areal density,
but gives an impulse comparable to the 100-MPa experiment. The STP 2.5
test has 607 less overburden and the same amount of explosives, but
gives 507 more impulse than the 100-MPa tesr. This result indicates
that the performance of the primacord explogsive in the 100-MPa test was
lower than in other tests in which primacord explosive of same size was

used.

To verify the accuracy of the charge weight, WES measured the
weight of some of the primacord that was left over from the calibration
experiments. The measured weights from some of the samples were as much
as 30% lower than the manufacturer's specification of 0.085 kg/m (400
grain/ft). However, the question of what was actually used in the
calibration experiments could not be resolved because the primacord

charge had not been welghed before the experiments.

4.3 35-MPA EXPERIMENT

The 35-MPa HEST calibration experiment consisted of a 7.9-m (26-foot)
square charge placed directly over the in situ soil at Fort Knox. The
explosive used was primarily the 0.085 kg/m (400 grain/ft) primacord
from the same batch used in the 100-MPa experiment. The spacing between
the primacord strands was 50.8 mm (2 inch). (Details of the charge

design are given in Reference 5.)

Figure 36 shows a comparison between the pretest calculation and
the simulation objective, and Figure 37 shows a comparison between the
pretest calculations and the measured impulse histories from nine of the
WES airblast gages. A typlcal pressure history (from Gage 418) is also
shown for comparison. The data shows a 20% spread and the mean impulse

is about 40% lower than the simulation objective. The discrepancy seen

60




100-MPa HEST

Calibration AFWL Acid STP 2.5
076 | ‘1840 i 089 ——
m .- kg/m3,; ] 0.46 . 1840 .
c e ‘ polioom + -kg/m3 -
50.8 1— -ywvv 699 — | s i 5] 952 e
mm $ 8 8
mm mm
} }
3.36 kg/m2 2.24 kg/m2 3.36 kg/m2
| | | | ] I
100-MPa
- Simulation Objective
0.10 / =
//
_+ - STP 2.5
- 0.08 — ~
o
2
w 0.06 —
w
-
z / .
100-MPa
HEST Calibration
0.02 —
0 | | I |
0 2 4 6 8 10 12 14
TIME (ms)
JA-4015-38
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here again appears to be due to the lack of performance of tne primacord

charge similar to that observed in the 100-MPa experiment.

4.4 DISK HEST EXPERIMENT

Because of the uncertainties in the amount of explosives used in
the 35- and 100-MPa calibration experiments, results from these experi-
ments could not be used for validating the code calculations. Therefore,
WES performed another 35-MPa HEST calibration experiment, designated as
DISK HEST, in which the explosives were weighed before being placed in
the cavity. Results of this experiment are compared in Figure 38 with
one-dimensional and two-dimensional calculations. The agreement between

the data and the calculations is within the accuracy of the measurements.

4.5 RELATIONSHIP BETWEEN EXPLOSION PRESSURE AND CHARGE DENSITY

Using the procedure discussed in Section 4.1, we deduced a relation-
ship between the as-built primacord charge density and the explosion
pressure based on all the calibration experiments after a posttest
correction was made for the c! -rge weight and the STP 2.5 experiment
(Figure 39). Because the maaufacturer's specification for weight
tolerance is +20% of 0.085 kg/m (400 grain/ft) primacord, we assumed a
207 lower charge weight to account for the lo:. performance of the
explosives in the 35- and 100-MPa HEST experiments and a 20% higher
charge weight to account for the extra high performance of the charge in
the STP 2.5 experiment. This appears reasonable from the resulting
smooth solid curve in Figure 39 fit to the experimental points. This
curve was used in the design of the variable HEST in the STP 3.5A
experiment.

Also shown in Figure 39 are the results from TIGER calculations for

a primacord/foam charge and the data from AFWL C2

experiments. At a
charge density of 15 kg/m3, the effective explosion pressure deduced
from the calibration experiments is about 40% lower than the TIGER
predictions and about 25% lower than the 02 data. We believe that the

discrepancv observed here 1is characteristic of a HEST with a thin cavity
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(less than 100 mm, say). In such a HEST, the jetting between the
explosive strands tends to penetrate into the soil that surrounds the
cavity, thus dissipating part of the explosive energy. The net result
is a loss of impulse delivered by the charge, which is represented by a
lower effective explosion pressure in Figure 39. This conclusion is

also supported by the HPC2 experiments reported in the Appendix.

Regardless of the actual reasons for the lack of agreement with
TIGER calculations or 02 experiments, the solid curve in Figure 39
represents the combination of measured explosive density in the as-built
experiment and the explosion pressure required to give the best match to
the measured impulse history. This result was therefore used in
conjunction with the one-dimensional calculations to design the STP 3.5A
variable HEST discussed in Section 5.
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SECTION 5

STP 3.5A MAIN EVENT

In this section, we first discuss the layout of the test bed and
then evaluate the performance of the variable HEST by comparing the
simulation objective with the data from the airblast and near-source

stress gages.

5.1 OVERALL TEST BED LAYOUT

The overall layout of the STP 3.5A experiment 1s shown in Figure
40. The location of the perimeter of the HEST was specified by ARA.9
The central strip covers four structures as shown. Iremite (denoted by
1) was used in the closer ranges of the central strip (down to 23.2 m or
76 feet) and in the side (down to 39.4 m or 129 feet). The angle of the
side zones was chosen to be 22.5° relative to the central zones so that
the length of the side zone at the 35-MPa range 1s normal to a radius

from GZ through the center of this zone.

The variation with range R of the explosive areal density m and
the cavity height h were obtained from the conceptual design shown in
Figure 27 and the explosion pressure-charge density relationship shown
in Figure 39. The curves of m versus R and h versus R were then
discretized into zones of constant m and constant h. For ease of
construction, all zone widths were chosen to be multiples of 1.22 m
(4 feet). The zones over the structures (zones 13P, 15P, and 21BP) were
selected to be at least 2.44 m (8 feet) wide and centered over the
1.22-m-diameter (4-foot) structures. The remaining zones were chosen to

reasonably approximate the m versus R curve.

For each zone, the primacord spacing was calculated according to
the explosive areal density required in that zone. A similar procedure
was used for selecting spacing for Iremite-60 explosive. The cavity

height for each zone was chosen to be a constant and a multiple of
6.35 mm (0.25 inch).
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Figure 40. Layout of striptest and STP 3.5A HEST experiments.
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The parameters calculated for each zone are shown in Tables 1
and 2. In most zones, the explosive was parallel to the zone length
("circumferential®). In zones 13A through 15P, the explosive was
parallel to the zone width ("radial”) so that the load ran over the
structures at the detonmation velocity of the primacord (6100 m/s), which
is approximately equal to the air shock velocity of the airblast
environment at these ranges. The primacord in zone 21BP was oriented as
shown so that the load swept the structure at a velocity of about 3050
m/s, which 1s approximately the air shock velocity of the airblast

environment at this range.

5.2 DATA FROM AIRBLAST GAGES

Twenty airhlast gages (8 over the structures and 14 in the free-
field) produced usable waveforms. Figure 41 compares the airblast data
(solid lines) with the simulation objective (dashed lines) over 10, 20,
and 100 ms time windows. The distance from ground zero is given at the

top of the plots for each of the gages.

Lgn

Except for Gage AB-3, which shows an impulse about four times lower

than the expected values at this range, the remaining 21 airblast gages

(ol SO SN et 0 @

compare reasonably well with the simulation objective. There appears to
be a late-time cavity flow caused by the horizontal pressure gradients
in the cavity. This flow is mani“ested as low-amplitude ripples visible
on some of the pressure records at late times. An example of cavity

flow can be seen in the data from gages AB-1 or AB-5. A good match with

Y W EEETT TS W

the simulation objective 1s obtained in the 20-ms plots. At about 20

ms, the measured impulse rises above the simulation objective due to the

YTy

arrival of a pressure ripple, signalling the pascage of a compression

wave from the upstream higher-pressure zone.

The overall performance of the simulator can be assessed by

plotting the impulse measured by a gage at a given time versus the gage

VY T Y YTERY ¥

location. Figure 42 shows the Impulses measured from the airbhlast gages
at 5, 10, 50, and 90 ms after the time of shock arrival. For :omparison,

the simulation objective is shown as the solid line with the 13% band

L2 ok Ol B0 8
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Figure 41. Airblast data from STP 3.5A experiment and simulation objectives
(dashed lines).

73




a1 ¢ o

T E NG e VA N,V RN

g

R =29.7m (97.4 ft) R =31.9m (1046 ft)
80 0.08 80 - F T 0.04
o LAB-M TS o xale @
S 40 -2 0.04 £ S 40 13 0.02 &
Z2 ~AB-17 s ui N n s
- e 1 H - L T
0 ] 0 O ) =1 1 O
L1 ERBENEI 1
3 5 7 9 11 13 3 5 7 9 1 13
TIME (ms) TIME (ms)
80 ~= 0.08 80 0.0
AB-11_| |~ 8
\ 1. +T et
60 - ;'/ 0.06 60 = 006
1 /‘7 \\ '-n o] ,‘;.//J g,
a M - 1] a d (1]
< 40 ¥ AB-17 0.04 £ 3 40 / v 0.04 g
5’ K
20 0.02 20 / 0.02
) sidlg b g o1 f oa Jog
0 e r:'*‘%% 0 0 s annk
0 4 8 12 16 20 0 4 8 12 16 2
TIME (ms) TIME (ms)
[
80 AB-11 0.16 80 0.16
\
60 ] 1: 0.12 60 0.12
P [ —1
. _-h""'-\'- ("] "]
& s T o & & o bostest .
< 40 /, AB-17— 0.8 %‘“ S 40 T 0.08 §
20 [ 0.04 20 H4 0.04
0 R - 0 oH 0
0 20 40 60 80 100 0 20 40 60 80 100
TIME {ms) TIME (ms)
JA-4015-45

Figure 41, Aurblast data from STP 3.5A experiment and simulation objectives
(dashed lines). {Continued).
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Figure 41. Airblast data from STP 3.5A experiment and simulation objectives
(dashed lines). (Continued).
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Figure 41. Airblast data from STP 3.5A experiment and simulation objectives
{(dashed lines). (Continued).
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Figure 41. Airblast data from STP 3.5A experiment and simulation objectives
(dashed lines). (Concluded).
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Figure 42. |mpulse versus range from airblast gage measurements in STP 3.5A
experiment and simulation objective at 5, 10, 50, and 90 ms after
shock arrival time.
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above and belcw the simulation objective shown as dashed lines. The
data points are seen to mostly fall within the 15% band for each of the
time windows, indicating satisfactory agreement witi. the simulation

objective at &ll times and ranges.

5.3 DATA FROM NEAR-SURFACE STRESS GAGES

A similar conclusion is reached when the simulation objective is
compared with the data obtained from the soil stress gages placed near
the surface of the test bed. Figure 43 compares the simulation objec-
tive at the 28.4-m range and the impulses measured by all the horizontal
and vertical stress gages that were fielded at tlils range to a depth of
about 0.6 m (2 feet) below the test bed. Result: from the airblust
gages placed at the same ranges are also plotted for comparison. The
horizontal and vertical stress measutements are virtuaily identical,
indicating a stale of hydrostatic loading of the soil. A good corre-
lation of stress and airblast measurement is elso found. Within the
experimental errors, the measurements agree with the simulation
objectives. Also, the impulse histories measured by gages 3-1 §V,

3-2 SV, and 3-3 SH urder a primacord HEST are ident._al (to within the
measurement errors) to those measured by gages 8-1 SV and 8-2 SV, which
were placed under an equivalent Iremice HEST. This sh~ws the

consistency of the procedures vsed to design the HEST.

Figure 44 compares the measurea impulses at 10 and 90 ms with the
simulatio: objectives. Again, tie data suggest a reasonable agreement
wivn the simulation objective at all times and ranges. This conclusion

also concurs with the data from “he photopoles presented in Figure 45,

5.4 ZUNCLUSLION3S ON THE SIMULATCR PERFORMANCL

The HEST simulator for the 3.5A event was designed to produce the
overpressure environment from a 1.95-kt nuclear surface burst for the
overpressure range of 500 MPa (5 kbar, 72,000 psi) t» 7 YPa (1000 psi).
Based on photopole, airblast, and nedar surface soll stress ;age data,

the impulse from the HEST agreed, to within measurement error, with the
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measurements in STP 3.5A experiment. (Gages 3-1 SV, 3-2 SV,
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and 8-2 SV were under an equivalent Iremite HEST.)
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design goals for both short (10-ms) and long (90-ms) times. Hence the
full positive phase of a 1.95-kt suxface burst was successfully
gimulated by the HEST.

The above conclusion also represents the concensus of the

Simulation Working Group involved in the Silo Test Ptogram.6
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Appendix

CHARACTERIZATION OF HEST EXPLOSIVE CHARGE
IN HIGH-PRESSURE CYLINDRICAL CALIBRATOR (HPCZ)

INTRODUCTION

To evaluate and characterize the performance of various explosives
in HEST experiments, we designed and constructed a high-pressure (up to
500 MPa) expanding explosives chamber. Explosives to be tested are
placed inside a thick-walled steel cylinder, and a piston is inserted
from each end to confine the explosive products after detonation. The
displacement histories of the pistons are measured either photographi-~
cally or by time-of-arrival (TOA) pins. The initial explosion pressure
is then inferred from one-dimensional calculations that match the piston

displacement.

We used the above facility, designated as HpC2 (for\high—pressure
cylindrical calibrator), to determine the relationship between the
charge density and the effective explosion pressure of a primacord
charga as used in the STP 3,.5A experiments. In particular, we inves-
vigated the apparent lack of performaice of a HEST charge due to the

penetration of the explosive products into the soil pores.

EXPERIMENTAL SETUP

Figure A.l shows an overview of the upc? facility with typical
dimensions shown in Figure A.2. The pistons and cylinders were con-
structed from high-strength stainless steel. Figure A.3 shows a set of
four quartz TOA pins usaed to measure the piston displacement and Figure
A.4 shows a typical oscilloscope trace from the TDA pins. The piston
arrival is indicated by a sharp drop in the signal to about -40 volts.
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Movable
Piston
Thick-wall \

0.178 m of 21.29 g/m (100 grain/ft) Primacord
p. = 30.1 kg/m3

Steel Cylinder /
}‘ \\ \ 609.6 / *i To
\ Detonation
‘ / Unit
56.‘1—5— \ - /
157.7 ID -
o0 7 ]
50.8
- = (a) Primacord Charge — =
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(Dimensions are tn mm) JA-4015-18

Figure A.2. Schematic of high-pressure cylindrical calibrator (HPC?).
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i
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Figure A.4. Typical oscilloscope trace from a set of four TOA pins.
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BACKGROUND CALCULATIONS

We used the SRI PUFF hydrocode to calculate the cavity pressure and
piston digplacement time histeries for the setup shown in Figure A.1l.
Because PUFF 1is a one-dimensional Lagrangian hydrocode, the effects of
mixing of the explosive products or leakage from the explosive chamber

are not included in these calculations.

Figure A.5 shows the calculated cavity pressure as a function of
time for five explosion pressures ranging from 14 to 30 MPa. The cavity
length is 50.8 mm and the piston length is 304.8 mm (Figure A.2). The
pressure waveforms have rounded peaks because of the piston inertia.

The peaks become sharper with increasing explosion pressures.

The piston displacements calculated for the same five explosion
pressures are shown in Figure A.6. The same results are shown on a log-
log plot in Figure A.7. The displacement-time histories on the log-log
plot form nearly a straight line with a slope of about 2. These plots
factlitate the match with the piston arrival times nmeasured in the
experiments and were used to estimate the effective explosion pressures

of each charge.

The explosive products in the present calculations are treated as a
perfect gas. Figure A.8 shows a log-log plot of the cavity pressure
(normalized with respect to the initial pressure) as a function of the
cavity volume (normalized with respect to the initial cavity volume) for
two values of the specific heat ratios of y = 1.1 and y = 1.2. The
pressure-volume relationships are found to be straight lines with slopes
very nearly equal to the y initially specified in the calculations.

This indicates that the explosive products expand 1sentroplcally for the

pressure ranges considered (below 40 MPa).

The sensitivity of the calculated piston displacement to the cholce
of vy 1is shown in Figure A.9 by plotting piston displacements for the
same two cases of y = 1.1 and y = 1.2. The two curves are virtually
identical, although the pressure that drives the piston 1is proportiomnal
toy - 1, and y - 1 changes by a factor of two (from 0.1 to 0.2) in the
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Cavity pressure history for five initial explosion pressures.
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Figure A.7. Piston displacement history for five initial explosion pressures
(log-iog plot).
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Figure A.9. Piston displacement histories for two values of the specific
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two calculations. This indicates that the explosion pressure estimated
on the basis of the piston-displacement is not sensitive to the choice
of y used in the PUFF calculations.

EXPERIMENTAL RESULTS

We used the HPC2 facility to investigate the effect of various
field parameters on the HEST performance. Figure A.10 shows the
schematics of the experiments performed to determine the effective
explosion pressure from (a) primacord charge in an air cavity, (b)
primacord charge in a foam cavity, (c) primacord charge next to # gand
column, and (d) priracord charge next to a capped sand column. Tre
experiment with the sand column was performed with both wet and vy

sands.

Figure A.11 shows the picton displacement histories measu::d for
the configurations shown in Figure A.10. The explosion pressures
requi.ed in the PUFF calculationas to match the measured displacement
histories were found to range from a maximum of 28.5 MPa for the
primacord charge in an air cavity [configuration (a) ir Figure A.10] to
a minimum of 18 MPa for the primacord charge next to a dry sand column

[configuration (c) in Figure A.10}.

Figure A.12 compares the maximwn and minimum explos‘on pressure
measured in the present experiments with the explosion p. 2ssure/charge
density relationship used for the design of the STP 3.5A experiment
(Figure 39). The present data roughly span the results of the TIGER
calculations and the fit to HEST experiments. This comparison suggests
that the field parameters in HEST experiments are responsible for the
uiscrepancy observed between the expected explosion pressure (from TIGER
calculation and C2 experiments) and the effective explosion pressure

inferred from the calibration experiments.

CONCLUSIONS

The data presented here indicate that the performance of a HEST

charge (represented by its effective explosion pressure) depends not
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Figure A.10. Schematic of charge calibration experiments.
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Figure A.11. Piston displacement histories measured in HPC? experiments.
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Figure A.12. Data from HPC? experiments compared with TIGER calculations
and the fit to HEST calibration experiments.
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only on the charge density but also on other field parameters such as
the presence of foam in the cavity or penetration and mixing of the
explosive products with the soil surrounding. We can also infer that
the data obtained from conventional c? experiments or TIGER calculatioans
provide only an upper bound to the performance of a HEST charge because
they do not account for the field parameters mentioned above.

The results further indicate the necessity of HEST calibration
experiments, such as “he DISK HEST, or C2 experiments similar te those
discussed here so that the charge performance data used to validate and
adjust the HEST design calculations are obtained under realistic field

conditions.
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